A variety of factors influence the results of digestion studies designed to measure ruminal disappearance of nutrients and flow of nutrients to the intestine. Feed intake, marker usage, sample collection, statistical design, and computation methods are among the factors discussed in this review. Guidelines are provided for presentation and interpretation of data from digesta flow studies. The scientific value of such studies often is limited because 1 ) replication, relative to expected variation, is inadequate and 2 ) experimental animals are not maintained under conditions similar to those used in normal production. Because studies conducted with inappropriate methods or inadequate replication are of little value and waste resources, validation of techniques is critical, and individual researchers should strive to verify their techniques.
Introduction
Digestion studies using ruminants fitted with intestinal or abomasal cannulas are used to estimate the disappearance and flow of nutrients from the rumen. Although such "flow studies" may have various objectives, my remarks are related to studies in the areas of protein and energy; conclusions may be extrapolated to other nutrients. For flow studies to be of value, data must be accurate (i.e., provide a true, unbiased answer) and precise (i.e., have low variation). Various factors involved in the design and conduct of flow studies affect accuracy and precision, some of which are evaluated in this review.
Specific research objectives influence the design and conduct of flow studies. For studies designed to define basic principles of ruminant nutrition, vastly divergent diets (or nondietary treatments) can be used, large differences among treatments are expected, and an extraordinarily robust experimental design may not be required. For flow studies in which the primary goal is to define differences among treatments, accuracy is less important than precision because relative differences are of greater interest than absolute values. For flow studies designed to quantitatively describe a particular feedstuff, accuracy is most important, and experimental design is critical. Experiments conducted to describe the ruminal degradation characteristics of novel protein sources, for example, require designs that eliminate bias so that results accurately represent the tested product. Specific factors involved in the design of flow studies and limits to interpretation of data collected from these experiments are evaluated in this review.
Considerations for Experimental Design

Research Animals
Data collected using research animals of a particular species (i.e., cattle or sheep) are most applicable to that species. Sheep often are preferred research animals because they are smaller, less expensive, and consume less feed than cattle. Although basic scientific principles should apply across species, specific treatments may interact with species. For example, sheep respond less than cattle to extensive processing of grain because they masticate their diets more thoroughly (Ørskov, 1986) .
The type of cannula used to collect samples of digesta leaving the rumen is an important issue (Harmon and Richards, 1997) . Most researchers place cannulas in either the abomasum or the proximal duodenum. Obviously, the composition of the digesta leaving the rumen can change before it reaches those sampling sites, either because of gastric secretion or absorption of nutrients. Currently, most of the flow studies published use research animals fitted with simple t-type cannulas in either the proximal duodenum or the abomasum. Because the abomasum can serve as a collecting pool with differential passage of digesta phases (Faichney and Griffiths, 1978) , abomasal contents may not be representative of those passing from the rumen. Thus, the use of abomasally cannulated animals could yield biased data. Conversely, digesta flow through the intestine is linear in nature, so material passing should be representative of that leaving the rumen.
To ensure that the sample collected is representative of the total digesta passing a given site, reentrant cannulas can be used. Because all digesta can be collected and sampled, such cannulas serve as a standard for comparison. However, reentrant cannulas are more difficult to install and maintain and may alter gastrointestinal tract function (MacRae, 1975) . T-type cannulas that divert digesta through the cannula barrel by means of a moveable gate also allow for collection of complete and representative digesta samples over short periods. Although the cannulation surgery may be more complex for a gated cannula than for a T-type cannula with a gutter flange, representative sample collection may warrant use of gated cannulas (Harmon and Richards, 1997) .
Placement of duodenal cannulas proximal to the pancreatic duct is important to prevent alteration of digesta composition by endogenous secretions. During surgery, duodenal cannulas should be placed with reference to the pylorus; postsurgically, placement in the proximal duodenum can be evaluated by measuring the pH of duodenal digesta. A pH much greater than 3.0 probably indicates that the cannula was placed in a more distal region of the small intestine.
Feed Supply
Data from flow studies often are quite variable. At least a portion of this variability has been attributed to diurnal variation associated with infrequent feeding. As a result, some researchers have fed animals either continuously or frequently (12 or more times daily) in an attempt to control this variation. However, within-day variation induced by infrequent feeding should neither increase variation between treatments nor yield unrepresentative results if an appropriate sampling schedule is employed. One disadvantage of frequent feeding is that it does not simulate animals maintained under normal production systems. For example, cattle fed a high-grain diet eight times daily do not experience the large drops in ruminal pH observed in steers fed twice daily (Bragg et al., 1986) .
The amount of feed consumed by experimental animals also bears consideration. Animals used in flow studies often consume less feed than those in normal production situations, partly due to environment (i.e., limited exercise for animals housed in tiestalls or metabolism crates) and partly due to the surgical modification. However, MacRae (1975) did not observe significant decreases in feed intake of sheep fitted with either reentrant or t-type cannulas in the duodenum and ileum. My observations with duodenally cannulated steers were that some ate very well, whereas others never consumed as much feed as unmodified animals. Variation in feed intake may be decreased in studies in which animals have ad libitum access to feed intake when only those cannulated animals that consume high levels of feed are used. However, surgically modified animals that eat well may not be representative of the entire population.
Feed intake is a difficult, but important, variable to control in flow studies because it can affect ruminal fermentation and passage. Low feed intakes can shift site of digestion toward the rumen because of slower passage rates . In many flow studies, animals are fed restricted amounts of feed in an attempt to decrease variation associated with feed refusals. When the primary objective of an experiment is to compare among treatments and when it is known that treatments will not interact with level of feed intake, restricting feed intake is appropriate. However, basic digestive functions such as extent of ruminal digestion , microbial protein production (Zinn and Owens, 1983) , and escape of dietary protein from ruminal degradation (Zinn and Owens, 1983) probably are influenced by feed intake. To learn more about ruminal function through flow studies, researchers need to perform more studies with animals consuming amounts of feed similar to those achieved under normal production conditions.
Marker Usage
The goal of this paper is not to completely review digestion marker usage, but to discuss selected issues. A recent review of digestion markers is available (Owens and Hanson, 1992) , as is a description of calculations involving marker usage (Merchen, 1988) .
The responsibility for selecting an appropriate marker system rests with the individual researcher. Incomplete recovery of markers, variation in outflow from the rumen, and unrepresentative samples are the primary problems associated with markers. These problems will be discussed with reference to dualphase marker systems, as well as selected internal and external markers.
Fecal recovery of markers can be determined by measuring total fecal output and fecal marker concentration. Measurement of marker recovery at the duodenum requires a reentrant cannula for total digesta collection. Because a marker must first pass the duodenum before reaching the feces, complete marker recovery at the duodenum is likely in situations in which that marker is recovered completely in the feces.
One of the greatest concerns with the use of t-type duodenal (or abomasal) cannulas is that collected digesta may differ in composition from the total digesta flowing past the cannula. If only one marker is used, it is impossible to know whether samples are representative of total flow. To evaluate and correct problems associated with unrepresentative samples, dual-phase marker systems have been proposed (Faichney, 1975) , in which a fluid-phase and a particulate-phase marker are used simultaneously. Duodenal samples are separated into fluid and particulate phases, either by centrifugation or by straining through some type of filter, and marker concentration is measured in each phase. The sample then is either physically or mathematically reconstituted to create a representative sample that contains a ratio of the two markers that is the same as that administered. In theory, this system solves the problem of unrepresentative samples. However, the dual-phase system depends on each of the two markers acting in an ideal fashion (i.e., associating only with the appropriate phase). Several fluid-phase markers (e. g., polyethylene glycol, Co-EDTA, and Cr-EDTA) seem to behave ideally. However, rare earth elements that often are used as particulate-phase markers migrate (Ellis et al., 1982) , particularly at low pH in the abomasum (Crooker et al., 1982) . Chromic oxide has been used as a particulate-phase marker in the dual-phase system (Waller et al., 1980; Firkins et al., 1986; Christiansen and Webb, 1990) , but its use is inappropriate because it flows through the gut unassociated with any particular phase (Merchen, 1988) . Nonetheless, if duodenal samples are separated into particulate and fluid phases by centrifugation, chromic oxide will be recovered completely with the particulates . Clearly, migration of Cr 2 O 3 between phases invalidates its use in a dualphase system. The ruthenium chelate of tris-(1,10 phenanthroline) seems to bind to particulate matter (Ellis et al., 1982) and has been suggested as a useful particulate-phase marker (Faichney, 1975) . However, as with the rare earths, migration among particles (Ellis et al., 1982) or, under some circumstances, association with the fluid phase of abomasal contents (Faichney, 1975 ) makes its use questionable. A further problem with the dual-phase marker system is that migration of nutrients between phases after sampling will yield erroneous results (Owens and Hanson, 1992) .
In addition to the deficiencies induced by nonideal particulate-phase markers, the dual-phase system cannot resolve completely the problem of unrepresentative samples. Although the dual-phase system can alleviate simple problems with differences in the ratio of particulates and fluids, it is not effective if particulate matter in samples is unrepresentative of total digesta solids. Rare earths used as particulatephase markers typically associate with the fibrous material in the diet (Teeter et al., 1984) . Thus, if the ratio of fibrous particles (higher marker concentration) to grain particles (lower marker concentration) in samples is unrepresentative of that in total digesta, the dual-phase system will not resolve the problem. The use of more than two markers theoretically could allow correction for many different types of particles (Armentano and Russell, 1985) but, in practice, ideal markers for many different particulate phases are not available.
With these limitations in mind, the dual-phase marker system should not be considered the standard by which to compare other markers. Although the dual-phase system can be useful in determining whether samples are representative, validation of markers should be done by comparison to the standard of total digesta collection conducted with animals with reentrant cannulas. Assuming that representative samples can be collected, a marker need not associate with a particular digesta phase to be an appropriate marker of total digesta passage. Single-marker systems will be discussed with the assumption that representative samples can be collected.
Chromic oxide is the marker most commonly used for flow studies published in the Journal of Animal Science between 1986 and 1995. Of 124 experiments that I considered useful for evaluating variability in flow studies, 90 used Cr 2 O 3 as the digestion marker. Chromic oxide seems to be inert in the gut; however, recoveries often are not 100%. Of the 90 reviewed studies in which Cr 2 O 3 was used, nine reported fecal recovery of Cr, with an average recovery of 94%. It is possible that in many of the studies in which recovery was not reported, values diverged even further from 100%. From a review of experiments with forage-fed ruminants (Western Regional Coordinating Committee, 1980 ) it was concluded that 1 ) fecal recovery of Cr 2 O 3 often deviated from 100%, especially in grazing livestock, 2 ) variation in fecal recovery of Cr 2 O 3 among animals was large, and 3 ) fecal concentrations of Cr 2 O 3 exhibited large diurnal variation. Problems with diurnal variation can be overcome if enough samples are collected throughout the day to provide an average sample in which the marker concentration is representative of that over the entire day.
Chromic oxide often is criticized because it does not associate specifically with either the particulate or fluid phase. This should not be a concern if representative samples are collected. However, Cr 2 O 3 does not seem to mix completely with ruminal contents (Corbett et al., 1959) , particularly when supplied in gelatin boluses; the variable fecal recoveries and diurnal pattern of excretion for Cr 2 O 3 presumably are a result of temporal sequestration of the Cr 2 O 3 in the rumen that results from poor mixing with digesta.
Despite the problems noted above, Cr 2 O 3 is the most widely used of all digesta markers because it is inexpensive, readily incorporated into diets, and analyzed with relative ease. Some of the problems encountered with use of Cr 2 O 3 as a digestion marker may be the result of unrepresentative samples; such deficiencies would be observed with any single-phase marker. Chromic oxide may be a health hazard when inhaled, so care should be taken when mixing Cr 2 O 3 into diets or when grinding digesta samples from animals fed Cr 2 O 3 .
Certain components within feedstuffs are indigestible and, thus, can serve as digestion markers. Commonly used internal markers include acid insoluble ash ( AIA; Van Keulen and Young, 1977) , indigestible ADF (Cochran et al., 1986) , and ADL (Muntifering, 1982) . Internal markers associate intimately with particulates in digesta but, as for other single-phase markers, will not yield satisfactory results with unrepresentative digesta samples.
Lignin is unsuitable as an internal marker. Recovery of lignin in feces is often very low as a result of degradation within the gut (Fahey and Jung, 1983 ). Yet, in some cases, lignin recoveries greater than 100% have been observed (Cochran et al., 1988) , presumably as a result of artifact formation in the gut. Fecal lignin also has been used as a marker (Kawas et al., 1990) , based on the presupposition that all lignin appearance or disappearance occurs within the rumen. This assumption should not be considered valid until verified (i.e., measured with reentrant cannulas) for each diet of interest.
For some forages, both AIA and indigestible ADF seem to be recovered completely in feces (Van Keulen and Young, 1977; Cochran et al., 1986; Sunvold and Cochran, 1991) . However, most high-grain diets, as well as some forage-based diets, contain insufficient concentrations of these markers to be measured accurately. For novel feedstuffs, fecal recovery of internal markers should be verified before their use. The use of internal markers as particulate-phase markers in a dual-phase marker system seems, in theory, to be ideal. However, flow studies using this approach have yielded results with high variation (Miller et al., 1986a,b) , perhaps because AIA concentration was too low to be measured accurately.
Collection of Digesta Samples
Because not all digesta that pass through the duodenum are collected when animals are fitted with simple t-type cannulas, it is possible for the collected samples to be unrepresentative of the total digesta. Particles can settle during passage, causing the sample to be selectively enriched (or diminished) with particles. If a gated t-type cannula functions as expected and diverts all digesta through the cannula, all digesta are collected, and the opportunity for collection of an unrepresentative sample is decreased. Pooling of digesta in the abomasum increases the risk of obtaining unrepresentative samples from that site.
As noted previously, passage from the rumen of some markers, notably Cr 2 O 3 , varies diurnally (Western Regional Coordinating Committee, 1980) . Variation in marker concentration also can be observed when intake of either marker or diet is sporadic. When marker concentrations in digesta samples vary diurnally, representative concentrations of markers can be achieved by sampling at various times throughout the day. Owens and Hanson (1992) were partially correct in suggesting that samples collected over time to overcome problems with diurnal variation in marker concentration ideally should be compiled based on marker concentration. When marker flow is constant and total digesta flow exhibits variation, individual samples that each contain the same amount of marker should be composited. However, when total digesta flow is constant and the marker flow exhibits variation, equal amounts of each sample should be mixed. Because it is usually unclear whether the marker concentration is affected by variability in marker or digesta flow (or both), pooling of samples on the basis of equal digesta weight should be considered an acceptable approach to decreasing diurnal variation.
Several studies have investigated the need for repeated sampling in order to collect samples representative of total digesta. Wanderley et al. (1985) fed steers grain-based or forage diets and compared flow of DM to the duodenum measured from total digesta collection or calculated using Cr 2 O 3 as a marker. Total recovery of Cr at the duodenum averaged 92% over 3-to 6-d collection periods, resulting in overestimated DM flow when Cr was used as the marker. More importantly, flows to the duodenum of DM and Cr showed significant diurnal variation, as did the concentration of Cr in duodenal digesta. In individual samples of duodenal digesta each collected over a 2-h period, estimates of digesta flow calculated with reference to Cr ranged from 38 to 350% of actual flow. These findings clearly indicate the need to collect a number of samples over time to account for the diurnal variation.
Using steers fed a mixed diet twice daily, Zinn et al. (1980) compared total collection of duodenal digesta (36 h ) to estimation of duodenal digesta flow using Cr 2 O 3 as a marker. Eight duodenal spot samples were collected at 6-h intervals over 48 h. Flow of DM to the duodenum was nearly identical between these two methods when total collections were adjusted for Cr recovery, suggesting that this sampling scheme provided samples representative of total digesta.
Collection of Samples of Ruminal Bacteria
When either flow of microbial N to the duodenum or true ruminal digestion is of interest, the flow of microbes from the rumen must be estimated. Thus, samples of microbes that are representative of those flowing from the rumen must be collected to establish the concentration of the microbial marker in the cell mass. A recent review of microbial markers is available (Broderick and Merchen, 1992) ; hence, only a brief consideration of several items related to collection of microbial samples will be provided. First, the sample should be representative of the microbes flowing from the rumen, not necessarily of those present in the rumen. Although the microbial population in the rumen includes both bacteria and protozoa, microbial samples used to estimate flow from the rumen typically contain only bacteria. This approach can be justified if protozoa are retained preferentially in the rumen and represent a small portion of the total microbial mass that exits the rumen (Weller and Pilgrim, 1974) . When nucleic acids are used as the microbial marker, protozoal contributions to total microbial flow will be underestimated by about half (Firkins et al., 1987) . Use of a marker more specific for bacteria (e. g., diaminopimelic acid; Martin et al., 1994) will not account for protozoa.
Typically, samples of ruminal bacteria are isolated from ruminal contents by differential centrifugation with a slow-speed spin to remove feed particles and protozoa and a fast-speed spin to precipitate bacteria (Cecava et al., 1990) . A large portion of ruminal bacteria are attached to particles, and the composition of free floating (i.e., fluid-associated) bacteria differs from that of particle-associated bacteria (Craig et al., 1987b; Cecava et al., 1990) . Thus, isolation of bacteria from only the fluid phase of ruminal contents seems inappropriate. To isolate bacteria that are attached to particulate matter in the rumen, they must first be dislodged from the particulate material. Physical and chemical techniques have been used to remove particle-associated bacteria from feedstuff residues. Methods such as blending (Cecava et al., 1990 ) and extraction with surfactants followed by chilling for 24 h (Craig et al., 1987a) have been proposed. Bacterial adhesion to particles also can be decreased by adding methylcellulose to the sample (Whitehouse et al., 1994) . Methods were developed by Whitehouse et al. (1994) to detach up to 80% of particle-associated bacteria, but it is unknown whether the resulting detached bacteria were more representative of the original ruminal microorganisms than a population detached with less rigorous and easier techniques. Simple blending of whole ruminal contents in saline seems to be a reasonable procedure to detach bacteria and does not require large labor inputs. Broderick and Merchen (1992) recommended blending of whole ruminal contents followed by differential centrifugation; they further recommended treating digesta with 1% (wt/vol) formaldehyde to prevent microbial lysis when samples were stored frozen before isolation of bacteria. However, Cecava et al. (1990) detected no difference in the N:purine ratios of bacteria that were isolated without formaldehyde from either fresh or frozen ruminal digesta. Destruction of tyrosine and lysine in bacteria that are stored in formaldehyde solutions (Stern et al., 1983) leads to a recommendation against formaldehyde usage.
The composition of ruminal microbes is affected by time after feeding (Craig et al., 1987b; Cecava et al., 1990; Martin et al., 1994) . Thus, for animals that are fed infrequently (e.g., twice daily), samples of ruminal bacteria should be collected at various times after feeding. Based on the observed changes in microbial composition over time, it would seem that three or four samples collected over the time between meals should be appropriate.
Some researchers have isolated bacteria from either abomasal (Henning et al., 1993) or duodenal (Wu et al., 1994) samples. Although these samples clearly would be representative of the population exiting the rumen, concerns about gastric digestion altering the composition of the microbes preclude recommendation of this option.
In some instances, researchers have avoided concerns about bacterial isolation techniques by omitting this step altogether and using an assumed marker concentration (Cleale et al., 1987; McCollum et al., 1987; Caton et al., 1989) . This approach is inappropriate because the marker concentration in microbes can be affected by various factors that cannot be described adequately except through empirical observation (i.e., actually measuring bacterial composition in each study). The use of a pooled bacterial sample collected once at the conclusion of a multiperiod experiment is a poor substitute for having bacterial samples for each observation because it presumes that no differences exist among treatments in bacterial composition and requires the researcher to use the average compositional values for calculations of bacterial flow.
Statistical Design and Replication
Before an experiment can be designed, one needs information about variation that is expected in the data set and about some of the controllable factors that influence this variation. To collect such data, I searched the Journal of Animal Science (1986 Science ( through 1995 and selected studies useful for assessing this variation. I selected all the flow studies that provided data (means and pooled error) on ruminal OM digestion (either true or apparent) and on ruminal N digestion (either apparent ruminal digestion or duodenal N flow). Trials were excluded when methods were unclear, and grazing studies were excluded because of the uncertainty regarding intake. Duodenal N flows were values for either total or nonammonia N. In cases in which OM digestibilities were not provided, DM digestibilities were substituted. Intakes, total tract OM and N digestion, and true bacterial efficiencies ( BE) also were evaluated.
The database contained a total of 126 experiments originating from 120 articles. More of the experiments used cattle ( 9 9 ) than sheep (27), and more used duodenal (110) than abomasal ( 1 6 ) cannulas. Only two experiments used animals fitted with reentrant cannulas. For calculating ruminal digestion, 90 experiments used Cr 2 O 3 , 17 used an internal marker, 14 The number of observations required to detect significant ( P < .05) differences between treatment means of 10 or 5 percentage units (all digestion values) or of 10 or 5% of mean value (DNF and BE) using the median value for each measurement. For BE, a mean value of 25 was used (i.e., treatments means needed to differ by 2.5 and 1.25 units to meet the 10 and 5% criteria, respectively). Numbers were based on use of Latin square designs with mean separation by LSD without F-test protection. used a dual-phase marker system, two used Yb, two used the mean value of several markers, and one used La. Total tract digestion generally was calculated using markers similar to those used for ruminal digestion, although 22 trials used total fecal collection, and five trials did not report total tract digestions. Most trials (115) used Latin square or crossover designs that allowed for multiple observations for each animal, although 11 trials had only one observation per animal. Intakes (DM or OM) ranged from 1.1 to 2.9% of body weight, except for one study with small lambs that consumed 4.8% of BW. Many different schemes for feeding animals and collecting digesta samples were used; digesta collection ranged from 5 to 24 individual samples collected over periods ranging from 1 to 7 d. Table 1 provides data for the variation in digestion measurements from the reviewed studies. Values in this table are from all the reviewed studies and represent all the different methodologies used by various researchers. For each digestion measurement, data were divided into quartiles with regard to the variation associated with each measurement. The number of observations per treatment required to detect a 5 or 10% difference between treatment means for each measurement using the median error rate was calculated. These calculations were based on experimental designs being Latin squares and assumed that mean separation was performed using LSD without F-test protection.
Initially, I had hoped to identify a number of factors involved in experimental designs that would be associated with the observed error rates. Statistical models evaluating species, cannulation site, marker, feeding frequency, number of digesta samples collected, and the use of statistical designs that accounted for variation among animals were tested. Most of these variables did not influence the observed variation in the data set, although the data set may not have been sufficiently robust to detect differences, or variation among laboratories may have been too great to allow effects of those variables to be detected. One factor that seemed to affect error estimates was cannulation site; use of abomasal cannulas led to larger estimates of variation than use of duodenal cannulas. This finding might have resulted from the greater difficulty in collecting representative samples of digesta from a collecting pool (abomasum) than from a portion of the gut that experiences tubular flow (duodenum). However, because site of cannulation would be confounded with other factors, this conclusion should not be considered definitive.
Some flow studies yielded results that were fairly precise, whereas others created data sets that could best be described as random (Table 1) . Also, less variation was associated with total tract digestion than with ruminal digestion, which may reflect true differences in biological variability or differences in the ability of researchers to measure digestion at these two sites.
For error rates at least as small as the median from the published studies, experiments with as few as four observations per treatment would be adequate for detecting differences as small as five percentage units among treatments in total tract digestion. However, for evaluating ruminal digestion of OM, trials would need to have at least six observations per treatment to detect the same difference. Error rates were greater for ruminal digestion of N; trials with five observations per treatment generally would detect differences of 10 percentage units in ruminal N digestion, and those with six observations per treatment would detect a 10% difference in duodenal N flow. To detect differences of five percentage units in ruminal N digestion, an inordinate number of replicates (15 or 20 observations per treatment) would be required. Under most circumstances, trials with that many observations per treatment would be too laborious, too long, and too expensive to conduct. Unless error rates are much less than the median value, there is little hope for detecting differences in BE. Designing experiments with the assumption that error rates will be smaller than average seems unwise, unless researchers have sufficient data from their laboratories to suggest that this is true.
The number of observations required to detect treatment differences raises questions about the value of flow studies in identifying treatments that influence animal performance. For example, a product that could improve animal performance by 5% should benefit the cattle industry. However, if this product acted by improving supply of protein to the intestine, most flow studies would not be able to detect the effect. Therefore, new technologies probably should be tested by alternative techniques that are more precise. Flow studies, even for the evaluation of the mode of action of well established products, may be ineffective. Unless large numbers of replications are used, experiments designed to measure effects on intestinal supply of protein are not likely to provide conclusive results because expected responses are less than can be detected by the design used. When inadequate replication leads to uncertain conclusions, it may be possible to identify biologically important differences among treatments by replicating experiments or pooling data across laboratories.
Percentages of the reviewed studies that detected treatment differences at P < .05 were as follows: apparent ruminal OM digestion, 41%; true ruminal OM digestion, 35%; total tract OM digestion, 48%; ruminal N digestion, 53%; duodenal N flow, 45%; total tract N digestion, 59%; and BE, 27% (these numbers are not directly applicable to those used for calculating the number of observations required to detect differences because authors used various mean separation procedures to determine whether treatment effects existed). Thus, researchers often evaluated treatments that differed sufficiently for effects to be detected. As expected, those studies with less than median error rates were more likely to have significant differences. An unexpected result was that studies with six observations per treatment were less likely to have significant differences than those with four or five observations per treatment. This may suggest that researchers used more observations when the expected differences among means were small or results were expected to be variable. Error rates tended to be higher for studies designed with five or six observations per treatment than for those with only four.
The previous discussion on acceptable numbers of observations for experiments relates only to the variation among treatments (i.e., precision); it does not relate to accuracy. Experiments may yield data that are precise, but still contain bias. Conversely, data that are imprecise, but accurate, can be achieved only through random chance or the use of a large number of replications.
Analysis/Computation of Data
Calculation of digestion data generally is straightforward (Merchen, 1988) , but researchers can alter conclusions by correcting for marker recovery. Flows are calculated as marker dose rate divided by digesta marker concentration. In some cases, researchers correct the marker dose rate for total fecal recovery of the flow marker. This implies that 1 ) fecal recovery of the marker is the most appropriate estimator of marker intake or 2 ) marker recovery was incomplete. For internal markers used in conjunction with animals allowed ad libitum access to feed, the first implication may be reasonable. Most often, the correction for fecal recovery is a result of the second implication. This correction assumes that all the disappearance of marker from the gut occurred before the first digesta sampling site (i.e., duodenum).
Unless this assumption has been tested for the particular diet with the use of reentrant cannulas, knowing whether the accuracy of the data has been improved by correction for fecal recovery is impossible. Without experimental evidence to justify correction of flow data for fecal marker recovery, defending this practice is difficult. When corrections for fecal recovery are made, recoveries for each individual observation should be used. When an average recovery value is used, all treatments will be altered equally, so relative differences among treatments will not change. When total collection of feces is available, this should be used to calculate digestion rather than an estimate of fecal output based on a marker. It is sometimes stated in publications that fecal output was calculated from total fecal collections with corrections made for fecal recovery of the marker; this is the same as calculating fecal output with reference to marker concentration and should be expressed as such.
The use of different marker systems for calculating nutrient flows within a single experiment should be discouraged. In some situations, researchers have calculated digesta flow to the intestine using one marker system and fecal output using another (Zorrilla-Rios et al., 1991) . This may reflect a situation in which neither marker yielded acceptable results at both sites. However, when a marker does not work adequately for estimating fecal output (i.e., recovery was unacceptably far from 100%), its passage through the intestine probably would not be more acceptable.
Some combinations of low marker recovery and unrepresentative digesta samples could yield estimates of intestinal flow and fecal output that could be considered believable, but they are unlikely to be accurate. In cases in which several marker systems are used simultaneously, the failure of any one of those markers may indicate a problem with unrepresentative samples. Thus, when an external marker system fails and data are subsequently calculated with reference to an internal marker, data may seem reasonable, but estimates of flow may not be accurate.
Some researchers have used several markers simultaneously and estimated flows as the average of each of the markers used individually (Ferlay et al., 1992; Doreau et al., 1993) . This approach will not correct for unrepresentative samples, but seems to yield less variable estimates, probably by averaging the variation that can occur with any of the markers individually.
The partitioning of duodenal N flow into its components (ammonia, undegradable intake, microbial, and endogenous) can be accomplished in several ways. Often, ammonia N is subtracted from total N flow to the duodenum, with the data presented as nonammonia N. This approach is valid because duodenal ammonia is of little benefit to the animal. Corrections for ammonia are rarely large, particularly when measured in dry digesta samples. As discussed previously, techniques for isolation of bacterial samples and use of various microbial markers will alter partitioning. Most often, endogenous losses of N are estimated from literature values and subtracted from nonammonia, nonmicrobial N flow to the duodenum to calculate undegraded intake protein ( UIP) . For highprotein diets, estimates of endogenous N will have little effect on estimates of UIP. However, when diets are low in protein, the estimate of endogenous N can greatly influence the estimation of UIP . Researchers should decide what estimate of endogenous N is most appropriate for their experimental conditions and use that estimate rather than selecting one that yields estimates of UIP that are closer to preconceived ideas about the UIP content of diets or dietary ingredients.
A further consideration for calculations with microbial markers is the use of average microbial composition for an entire study as opposed to using bacteria isolated from each individual observation. The use of average values will decrease random error associated with the isolation of bacterial samples. However, when true differences exist among animals or, more importantly, among treatments, the use of average compositional values will yield estimates of microbial flow that are biased. Researchers need to decide whether the use of average values is appropriate, but in cases in which even small differences between treatments exist, use of individual values probably is safest.
Presentation of Data from Flow Studies
Certain information relating to both the conduct and the results of flow studies should be available in publications to allow full interpretation of the data. Editorial policy of the Journal of Animal Science appropriately dictates that complete descriptions of experimental animals and diets be included in each manuscript. Also, marker methodology should be stated explicitly with the method, frequency, and amount of marker administration all explained. The markers used in calculating intestinal flows and fecal outputs should be identified. Readers should not be left with an assumption that because a marker was included in the diet it was used for estimating flow. When digestibilities are calculated with fecal recovery of the marker being used as a correction, the fecal recovery for each of the treatments should be presented, even if no statistical differences occurred among treatments. In cases in which total fecal collections are made and marker recovery can be calculated with little extra effort, these values should be provided in the publication, even when the recoveries are not used for correcting flow estimates.
Regardless of the objectives of an experiment, certain data are essential for interpretation of results from flow studies. Use of these data for evaluation of results is discussed in the following section. All flow studies should present intake (grams per day) and apparent ruminal and total tract digestions (percentage of intake) of OM and N. Duodenal N flows (grams per day) could be substituted for apparent ruminal N digestion. When bacterial samples are collected to partition the flow of N to the duodenum, true ruminal OM digestion (percentage of intake), bacterial N flow to the duodenum (grams per day), BE (grams of microbial N/kilogram of OM truly fermented in the rumen), and either true ruminal N digestion (percentage of intake) or its inverse, UIP, also should be presented. It often is helpful for a reader to know the OM, N, and marker concentration in microbial samples, and the method used to estimate endogenous N flow should be stated. In all flow studies, estimates for ruminal and total tract digestions of fiber (as measured by any widely accepted procedure such as NDF) are helpful. For studies with high-grain diets, measures of ruminal and total tract starch digestion also are useful.
Bacterial efficiencies should be expressed on a true basis because this provides a value based on output (bacterial N ) as a function of an input (OM truly fermented; i.e., OM apparently disappearing in rumen plus microbial OM exiting the rumen). When BE is calculated on an apparent basis, the bias in its estimation is a function of BE, because the correction for microbial mass becomes larger as BE increases. Table 3 . Expected ranges for values estimated from flow studies a AROMD = apparent ruminal OM digestion, TROMD = true ruminal OM digestion, TTOMD = total tract OM digestion, RFD = ruminal fiber digestion, TTFD = total tract fiber digestion, RD = ruminal digestion, DNF = duodenal N flow, BE = bacterial efficiency (true), DNMN = duodenal nonmicrobial N flow.
b Effect of dietary CP concentration described in Table 4 . 
Interpreting Data from Flow Studies
Biological Limits
Certain results obtained from flow studies are biologically improbable, if not impossible; examples are provided in Table 2 . In general, digestibilities of OM are more useful than those of DM because duodenal samples often contain high levels of ash, which cause DM digestibilities to be low. Organic matter, NDF, and ADF digestibilities should always be positive. Because negative flows of bacteria or endogenous matter are impossible, true digestibilities always are greater than apparent digestibilities. Likewise, endogenous secretions of OM and fiber into the intestine will never be sufficiently large to cause total tract digestion of these components to be less than those in the rumen. In some cases in which few digestible nutrients besides microbial cell mass reach the small intestine, total tract OM digestion can be slightly less than true ruminal OM digestion (Köster et al., 1996) because a portion of the microbial mass is indigestible. Nonammonia, nonmicrobial N at the duodenum would be the sum of UIP and endogenous proteins. Because endogenous losses usually are a small portion of this amount, nonmicrobial N at the duodenum probably would rarely exceed the amount of true protein consumed by the animal. An upper limit of BE (80 g of N/kg of OM truly fermented) can be estimated by assuming 100% recovery of fermented OM in the cell mass and a N concentration in microbial OM of 8%. If these ranges are exceeded, an effort should be made to identify the cause of the problem. Table 3 contains my opinions of what "normal" ranges might be for some of the digestive events measured in flow studies. These values are based on evaluation of empirical data from flow studies that used marker methodology; thus, these estimates may be biased by methodological deficiencies. Values outside these ranges should raise concerns, but these ranges may be exceeded when atypical diets are fed or unusual conditions are experienced. Because large ranges are provided in Table 3 to prevent exclusion of valid data, results from a flow study could easily fall within the ranges but still be inaccurate. Within each of the categories, it is necessary to consider the diet type, the feeding level, and any details of the experimental protocol that may affect results and then determine whether the results seem reasonable.
Reasonable Ranges
Expected values for ruminal and total tract digestions of OM will depend on the diet being consumed and the level of feed intake. Total tract OM digestibility typically ranges from less than 50% for low-quality forages to more than 80% for high-grain diets. The fraction of total digestion that occurs in the rumen also is diet-dependent. For forages, true ruminal OM digestion typically is about equal to total tract OM digestion. For diets containing grain, a lower proportion of the total digestion occurs in the rumen than with forages. This is not because the diet is less fermentable, but because some of the particles escaping the rumen (e.g., starch) have appreciable digestibility in the intestine. For diets containing grain, ruminal starch digestion should be greater than digestion of nonstarch components (i.e., ruminal starch digestion should be greater than true ruminal OM digestion). When starch digestion in the rumen is less than that of fiber, digesta samples probably were not representative of the total digesta, but rather contained an unrepresentative proportion of undigested grain particles.
Partitioning fiber digestion between ruminal and postruminal disappearance can be used as an indicator of marker dysfunction. When total digesta flow to the duodenum is overestimated, ruminal fiber digestion will be underestimated and erroneously indicate that a large portion of fiber disappeared postruminally. For low-quality forages, almost all fiber digestion occurs in the rumen (Köster et al., 1996) . For high-quality forages and some high-fiber byproducts, potentially digested fiber may pass from the rumen and be digested postruminally, particularly if ruminal fiber degradation is inhibited by additions of fat to the diet (Pantoja et al., 1994) . Even for ruminants fed high-quality forage or byproducts, usually more than 80% of total fiber digestion will occur in the rumen. Because of low dietary concentrations, ruminal fiber digestion may not be a useful indicator of marker function in high-grain diets. Nitrogen flows to the duodenum are influenced by energy concentration of the diet as well as protein concentration and degradability. Duodenal N flow rarely is less than 70% of intake or more than 130% of intake. Flows of N greater than intake are indicative of N recycling, either across the ruminal wall or through salivary secretion. High dietary protein intake, use of highly degraded protein sources, and low fermentable energy levels in diets all should contribute to duodenal N flows being less than N intake. Table 4 provides some average values for N flows as a percentage of intake for diets of different protein concentrations; these values were derived from studies published in the Journal of Animal Science between 1986 and 1995. Few obvious differences existed between grain-and forage-based diets, and the values in Table 4 are representative of diets containing various energy sources. Differences between diet types were not large despite 1 ) different ratios of dietary N to fermentable energy between grain-and foragebased diets of the same N concentration, 2 ) more efficient recycling of N to the rumen in higher-energy diets (Kennedy and Milligan, 1980) , and 3 ) the generally higher ruminal escape values of proteins from grains than of those from forages (NRC, 1985) . For all the above assumptions to be simultaneously correct, BE must be greater for forage-than for grainbased diets. However, differences of the required magnitude in BE are not observed routinely, suggesting that the methodologies used in flow studies are not adequate for comparing among treatments that are not greatly divergent.
For steers fed low-protein diets, duodenal N flows greater than 130% of intake are possible. This result is a function of efficient N recycling and the fact that relatively small increases in flow can constitute a large percentage of the low N intake. If duodenal N is partitioned to allow estimation of UIP, this value can be compared to an expected value based on ingredient composition of the diet. With ingredients for which previously conducted flow studies are not available, comparisons to in situ studies may be of value, although this judges a technique that should be considered a standard (flow study) against a less definitive procedure (in situ).
Bacterial efficiencies often can be useful for determining whether problems exist in marker usage. They are calculated as the quotient of bacterial flow, which is positively related to total digesta flow, divided by OM fermentation, which is negatively related to total digesta flow. Thus, as total digesta flow is overestimated, BE is overestimated exponentially. For highquality diets, BE (grams of N/kilogram of OM truly fermented) is often between 20 and 25, whereas for low-quality forage diets, BE is usually less than 20 and often less than 15. In some cases, BE also may be less than 20 when high-grain diets are fed (Streeter et al., 1989) . For dairy cows consuming large amounts of feed, BE often has been observed to be 30 g of N/kg of OM truly fermented or greater. The higher BE for dairy cattle may be a function of greater feed intake and, therefore, more rapid ruminal passage; however, diet composition or intake level may interact with digestion markers to yield spurious results. When BE is greater than 30 g of N/kg of OM truly fermented, digesta flow probably has been overestimated. In such cases, other criteria, such as the fraction of total fiber digestion occurring in the rumen, should be studied as additional indicators of marker dysfunction.
Effects of Unrepresentative Samples
Throughout this article, the problems associated with unrepresentative samples have been discussed. How does this affect resulting estimates of digestion? Problems with marker concentration in digesta samples will result simply in over-or underestimation of nutrient flows and digestibilities. A more difficult problem to detect occurs when the concentration of marker relative to total digesta is representative of total flow, but the digesta itself is not representative of total flow. Errors of this type may include inappropriate ratios of particulates to fluids and(or) particulates in samples that are not representative of total digesta solids. The fluid phase will contain a higher concentration of protein (mostly microbial) and no insoluble fibers. Thus, digesta samples overly enriched in fluid phase will lead to predictions of microbial N flow to the duodenum and BE that are higher than actual. However, estimates of UIP will not be influenced greatly because total and microbial N flows will be overestimated to similar extents. In cases in which the duodenal digesta sample contains more particulate material than the total digesta, trends for misestimation will be opposite of those for too much fluid.
The final unrepresentative sample type is one in which the particulate materials in the sample are not the same as total digesta particulates. This problem is most likely to occur either with mixed diets or with high-grain diets. In both cases, particles of grain can be collected selectively in the sample. When too many grain particles are collected, the starch content of the sample probably will be enriched, and ruminal starch digestion will be underestimated. This problem would be detected in situations in which ruminal starch digestion is lower than digestion of nonstarch components.
Accuracy and Limits to Biological Interpretation
Can we be sure that conclusions drawn from flow studies are correct? Because we use markers as an indirect technique, we have no assurance that results are accurate. Even in cases in which reentrant cannulas and total collection are used, questions are raised by the fact that flow seems to be affected by the sampling process. However, when results seem reasonable using the criteria described above, and when the marker procedures have been verified appropriately, data from flow studies may be considered potentially useful. When experiments using completely different methodologies (e.g., growth assays) provide conclusions similar to those obtained from the flow study, additional credence can be placed on the results.
Accuracy can be no greater than precision except by random chance. As described previously, variation in data from flow studies often is quite large. When we are unable to detect 10% differences among treatments, we cannot have faith that the mean estimates are within 10% of the actual values. The needs of individual researchers or sponsoring organizations will dictate whether the limitations on accuracy associated with flow studies preclude their usefulness.
Conclusions
Myriad approaches for conducting flow studies are available. A wide range of factors (animals, cannulas, feeding schedules, amount of feed offered, markers, collection methods and schedules, replication, and calculation of data) affect our ability to derive useful information. Within each of these factors, differences in technique can affect results. Comparison between laboratories is difficult because several factors may be responsible for differing conclusions. Despite the large differences among laboratories, encouraging researchers to adopt a standard protocol is neither necessary nor good. Although some approaches to conducting flow studies are inappropriate, the major problems are inadequate replication and maintenance of animals under feeding conditions that do not simulate normal production situations. In addition, marker methodology often is validated poorly; however, when valid methods are used, the database will be more robust when several different approaches are considered. New methods for use in flow studies need to be developed and validated.
Researchers need to be more concerned about validation of their procedures. Marker methodology and sample collection schedules can be validated only by reference to a standard; that standard is total digesta collection. Researchers cannot afford to conduct a large number of validation experiments. However, the greatest concerns are marker methodology and the representativeness of digesta samples. Two fairly simple and inexpensive techniques that can decrease concerns about these factors are 1 ) conducting total fecal collections to verify that marker recovery is near 100% and 2 ) using markers for different phases (perhaps a rare earth as a particulate-phase marker, Co-EDTA as a fluid-phase marker, and Cr 2 O 3 as a total digesta marker) and verifying that marker ratios between digesta samples and the amounts administered to the animal are similar. These simple steps would decrease concerns about incomplete marker recovery and unrepresentative sampling. When problems are observed with either of these factors, and the issue cannot be resolved satisfactorily, the study probably should not be published.
Implications
There are concerns about the methods used to conduct nutrient digestion studies. Validation of techniques is critical, and individual researchers should verify the techniques they use. Flow studies should mimic normal production situations more closely. Studies conducted with inappropriate methods or inadequate replication waste resources. The experimental design for nutrient digestion studies should be given careful consideration.
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